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The Niquelândia Complex, Brazil, is one of the world's largest maﬁc–ultramaﬁc plutonic complexes. Like the
Maﬁc Complex of the Ivrea-Verbano Zone, it is affected by a pervasive high-T foliation and shows
hypersolidus deformation structures, contains signiﬁcant inclusions of country-rock paragneiss, and is
subdivided into a Lower and an Upper Complex. In this paper, we present new SHRIMP U–Pb zircon ages
that provide compelling evidence that the Upper and the Lower Niquelândia Complexes formed during
the same igneous event at ca. 790 Ma. Coexistence of syn-magmatic and high-T subsolidus deformation
structures indicates that both complexes grew incrementally as large crystal mush bodies which were con-
tinuously stretched while fed by pulses of fresh magma. Syn-magmatic recrystallization during this defor-
mation resulted in textures and structures which, although appearing metamorphic, are not ascribable to
post-magmatic metamorphic event(s), but are instead characteristic of the growth process in huge and
deep maﬁc intrusions such as both the Niquelândia and Ivrea Complexes. Melting of incorporated
country-rock paragneiss continued producing hybrid rocks during the last, vanishing stages of magmatic
crystallization. This resulted in the formation of minor, late-stage hybrid rocks, whose presence obscures
the record of the main processes of interaction between mantle magmas and crustal components, which
may be active at the peak of the igneous events and lead to the generation of eruptible hybrid magmas.
© 2012 Elsevier B.V. All rights reserved.
1. Introduction
Layered maﬁc complexes are studied to reconstruct the igneous
processes that drive the evolution of magmas. Many petrological
models are still based on the assumption that layered complexes
crystallized from large magma chambers in which gravitational
settling of crystals, in some cases accompanied by mixing and/or as-
similation of crustal components, is the dominant process. However,
even in the present-day most-active magmatic provinces, there is
no geophysical evidence of magma chambers that approach the size
of layered complexes, and the assumption of settling or ﬂoating of crys-
tals faces several problemswhen the reliability of the process is evaluat-
ed by physical parameters like density and viscosity ofmelt and crystals,
and/or by ﬁeld evidence (Jackson, 1961; McBirney, 2009). Some, if not
all, layered complexes contain widespread high-temperature foliation
which developed over a range from igneous to subsolidus conditions,
demonstrating that largely crystallized parts of the intrusion underwent
shear during the igneous growth. The same is also observed in the
classical section of ophiolites, where deep foliated gabbros grade up-
wards into isotropic gabbros, while the foliation rotates becoming pro-
gressively less evident and more discordant to the “roof” (Nicolas,
1989). Also, the volume of possible magma chambers detected geo-
physically across the most active spreading centers is deﬁnitely smaller
than the size of inferred gabbro bodies (Quick and Denlinger, 1992;
Sinton and Detrick, 1992). Igneous foliation is also described in the
Skaergaard Layered Complex, where the deepest gabbros show both fo-
liation and stretching lineation and grade upwards into foliated gabbros
without lineationwhile isotropic rocks are present at the core and at the
roof of the complex (Mc Birney and Nicolas, 1997). Moreover, there are
increasing evidence that large plutons, either granitic or maﬁc, may
have grown incrementally by episodic injections over millions of years
(Coleman et al., 2004; Glazner et al., 2004; Quick et al., 2009) and that
cooling beneath the solidus may also have taken further millions of
years, especially in deep-seated intrusions (Peressini et al., 2007;
Sinigoi et al., 2011). If a large, incompletely solidiﬁed body persists
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in the crust for millions of years, it will accommodatemuch of the strain
in a regional dynamic environment.
With this in mind, and after the addition of new geochronological
data, we re-interpret the Niquelândia Complex (also known as
Niquelândia Maﬁc–Utramaﬁc Complex) of central Brazil and compare
its structural, textural and chemical traits to those of the Ivrea Maﬁc
Complex of North-Western Italy. Both are very thick igneous bodies
(over 8 km across) and display several similarities and some differ-
ences, and their comparison may help to better understand the evolu-
tion of large magmatic systems. Further considerations are derived
from a comparison with textural features of the Kunene Massive An-
orthosite, a large although very different igneous complex.
2. Analytical methods
The new data from the Niquelândia Complex were obtained in the
laboratories of the Institute of Geociences, University of São Paulo, Brazil.
Isotopic analyses by U–Pb, Sm–Nd and Rb–Sr methodology were
carried out at the Geochronological Research Center of the University
of São Paulo (IGc-CPGeo-USP). U–Pb determinations were obtained
from zircons by processing individually all the samples collected
through the usual procedure (crushing, disk-milling, magnetic and
heavy liquid separation). Zircons were afterwards hand-picked and
selected. These were further mounted (together with the TEMORA
standard) in epoxy and polished to attain quasi-central sections.
After the Au-coating, the polished mounts were comprehensively
examined with a FEI-QUANTA 250 scanning electron microscope
equipped with secondary-electron and cathodoluminescence (CL)
detectors at IGc-CPGeo-USP; the most common conditions used in
CL analysis were as follows: 60 μA of emission current, 15.0 kV of ac-
celerating voltage, 7 μm of beam diameter, 200 μs of acquisition time,
and a resolution of 1024×884. The same mounts were afterwards
analyzed by the U–Pb isotopic technique using a SHRIMP-IIe ma-
chine also at IGc-CPGeo, USP, following the analytical procedures
presented in Williams (1998). Correction for common Pb was made
based on the 204Pb measured, and the typical error component for
the 206Pb/238U ratio is less than 2%; U abundance and U–Pb ratios
were calibrated against the TEMORA standard and the age calcula-
tions were performed with Isoplot© 3.0 (Ludwig, 2003).
Sm–Nd and Rb–Sr whole-rock analyses were performed following
the procedure detailed in Sato et al. (1995), which are brieﬂy described
below. The powered sampleswere dissolvedwith a 149Sm/150Ndmixed
spike solution and a combination of hot HF and HNO3 acids in Teﬂon
vessels. Rare earth elements including Sm and Nd were extracted
using cationic exchange columns, HCl elution and AG50W-X8 resin
(200–400 mesh). Sm and Nd were separated by using hydrogen di-
ethylhexyl phosphate (HDEPH) supported by Teﬂon powder. The Sm
and Nd concentrations and isotopic ratios of the studied samples were
measured on a VG Iso-mass 354 automated mass spectrometer using
ﬁve Faraday collectors in static mode. The 143Nd/144Nd and 147Sm/144Nd
ratios had quoted errors at 2σ and 1σ levels, respectively. The laboratory
blanks yielded maximum values of 0.4 ng for Nd and 0.7 ng for Sm. The
La Jolla standard yielded a mean 143Nd/144Nd ratio of 0.511857±
15 (1σ level) based on 46 replicate analyses. Sm–Nd TDM model ages
were calculated using the equation (0.25 T2 426–3.0 T+8.5) (De
Paolo, 1981), 146Nd/144Nd=0.7219 to normalize the 143Nd/144Nd iso-
tope ratios, and the following constants: 143Nd/144Nd=Nd(CHUR)0=
0.512638 and 147Sm/144Nd(CHUR)0=0.1967. All the εNd(T) initial values
were calculated for T+1.38 Ga using the simpliﬁed equation εNd(T)=
εNd(0)–QNdfSm–NdT, with the (CHUR)0 values mentioned above and
QNd=25.09.
Rb and Sr were determined by X-ray ﬂuorescence spectrometry
(precision greater than 2.0%) in powder samples. The isotope dilution
technique was applied to the samples with Rb contents lower than
44 ppm for better precision of themeasurements. The average precision
(1σ level) for the calculated 87Rb/86Sr ratios by isotopic dilution was
1.4%. Isotope ratios were measured using a VG-354 multicollector and
single collector mass spectrometers of the CPGeo. The 87Sr/86Sr ratios
were normalized to 86Sr/88Sr=0.1194. The ﬁnal quoted errors are ex-
ternal ones (1σ level) based on replicate analyses of SrCO3 NBS-987,
which yielded a mean ratio of 0.710254±0.000022 (2σ level) during
the period of the analyses. The overall blank for the chemical procedure
was 4 ng for Sr during the period of the analyses. Decay constants
are those recommended by Steiger and Jäger (1977).
Bulk rock and trace element analyses were carried out at the
laboratories of the Mineralogy and Geotectonic Departament. Major
element determinations were performed at the X-ray ﬂuorescence
laboratory by wavelength dispersive X-ray spectrometry (Philips
PW 2400) using fused glass disks according to procedures described
by Mori et al. (1999). Accuracy was greater than 2%. Trace element
analyses in selected samples were performed by Inductively Coupled
Plasma-Mass Spectrometry (ICP-MS). Samples were dissolved in Parr
bombs in a microwave furnace as described by Navarro et al. (2008).
Accuracy, determined with respect to the reference standards BHVO-2
and BR, was 0.5–2%.
3. The Niquelândia Maﬁc Complex
Along the Neoproterozoic Brasilia belt of central Brazil, three large
maﬁc–ultramaﬁc complexes, from South to North named Barro Alto,
Niquelândia and CanaBrava, are aligned parallel to theMaranhão thrust
belt, a major tectonic boundary formed by the collision between the
Amazonian and São-Francisco cratons during the Brazilian-(Panafrican)
event at around 600 Ma (Fig. 1). Their location correlates with a large
positive gravimetric anomaly (Feininger et al., 1991; Marangoni et
al., 1995), consistentwith the generally accepted view that they are tec-
tonically separated fragments of a single body, about 350 km long,
whichwas tilted and uplifted above the thrust zone during the Brazilian
event, so that the lowermost levels are exposed to the East. Among
the three complexes, Niquelândia is the best knownand better exposed,
and we concentrate on it in our discussion, although the concepts may
be extended to the companion Barro Alto and Cana Brava bodies. The
Niquelândia Complex consists mainly of gabbroic rocks containing, in
the lower section, a layer of ultramaﬁc cumulates about 4 km thick
(Fig. 2). Banding and foliation are concordant and roughly oriented
NNE–SSW and dipping to the W about 45–50° in the eastern part of
the complex and becoming 60 W to subvertical in the center and to
the West. Based on different lithologies, the complex is subdivided
into an Upper and a Lower Complex, with a total thickness of about
18 km. However, this thickness may be an overestimated artifact of
tectonic thickening, which cannot be excluded in absence of a detailed
geological map. According to Girardi et al. (1986), Rivalenti et al.
(2008) and Correia et al. (2007), the two units constitute a single com-
plex in which petrological and geochemical variations are ascribed to
variable processes of fractionation and interaction with crustal rocks.
On the other hand, Ferreira Filho et al. (2010) interpret the Upper and
Lower Complexes as two unrelated intrusions, of Meso- and Neo-
Proterozoic ages respectively, which were metamorphosed during the
Neoproterozoic (Ferreira Filho et al., 1998; Pilmentel et al., 2006).
We will address this debate after providing a short description of the
salient geological traits and a discussion of published and new geochro-
nological data.
Besides the generally accepted distinction in Upper and Lower
Sequences (hereafter referred to as Upper and Lower Complexes),
several different stratigraphic subdivisions and acronymswere adopted
by different authors in the past. Here we will use the subdivision intro-
duced by Girardi et al. (1986), which was based on the similarity to
other maﬁc layered complexes, with few little modiﬁcations (Fig. 2):
Lower Complex (corresponding to the Lower Sequence in Girardi
et al., 1986) consists of:
1) A≈1.5 km-thick basal gabbro zone (BGZ).
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Fig. 1. Regional geologic map of Central Goiás (Central Brazil).
Modiﬁed after Pimentel et al. (2001).
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2) A≈3 km-thick ultramaﬁc zone, containing peridotite at its
lower levels (Basal Peridotite Zone, BPZ) and grading upwards
into a layered sequence of pyroxenite interﬁngered with minor
peridotite and gabbro and containing rare chromitite layers
(Layered Ultramaﬁc Zone, LUZ).
3) An approximately 7 km-thick package of gabbros and norites
(Lower Gabbro Zone, LGZ), containing rare bands of paragneiss.
The “Hydrous Zone” (HZ, corresponding to the LGZ top ofGirardi et al.,
1986), is a≈2 km-thick horizon in which biotite- and amphibole‐
bearing gabbro includes small batches of biotite-rich quartz-diorite.
Also present are bands and swarms of xenoliths derived from the
country rocks, comprising metapelite (quartz, garnet, biotite±silli-
manite, plagioclase, etc.), amphibolite, calc-silicates and quartzite,
metamorphosed in amphibolite to granulite facies. Garnet-bearing
amphibolite is locally dominant at the highest level of Hydrous Zone.
Upper Complex (corresponding to the Upper Sequence in Girardi
et al., 1986) consists of:
4) A≈5 km-thick Upper Gabbro-Anorthosite Zone (UGAZ, corre-
sponding to Serra dos Borges complex according to Ferreira
Filho et al., 1998), consisting mainly of olivine gabbros grading
into anorthosite and troctolite, locally containing bands (up to
250 m thick) of coarse-grained isotropic gabbro with subophitic
texture.
5) A≈2 km-thick Upper Amphibolite (UA), a level in which
hornblende-gabbros, considered as part of the complex, are in
contact with ﬁner-grained garnet-bearing amphibolites, prevail-
ing in the country rock at this level.
At the West border, the country rock of the Niquelândia Complex
is the Mesoproterozoic Indaianopolis volcano-sedimentary sequence,
which consists of acidic to basic metavolcanic rocks at its lower levels,
overlain by metapelites (predominant), lenses of calc-silicate rocks,
banded iron formations, metacherts, tuffs and Na-amphibole gneisses
derived from small plutons. The metamorphic grade varies from
greenschist to the amphibolite facies (Brod and Jost, 1991; Nascimento
et al., 1981). Correia et al. (1999) obtained an upper intercept of the
U–Pb concordia from zircons of a paragneiss indicating an age of
approximately 1.3 Ga. This result is consistent with a similar age of
approximately 1.28 Ga obtained by a Sm–Nd internal isochron from
ametavolcanic rockof the correlated Juscelândia sequence at theWbor-
der of the Barro Alto Complex (Moraes et al., 2006) and indicates a
Mesoproterozoic age of the country rock.
4. Age of the Niquelândia Complex (NMC): one or two intrusions?
Pimentel et al. (2004), Pilmentel et al. (2006) and Correia et al.
(2007) obtained SHRIMPU–Pb zircon ages from rocks of theNiquelândia
Fig. 2. Sketch map of the Niquelândia Complex.
Modiﬁed after Girardi et al. (1986).
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Complex. There is a general consensus about the age of crystallization of
the Lower Complex. Pimentel et al. (2004) showed that most zircons
from their sample CF 03, a gabbro from the Lower Complex, contain
inherited cores which provide a range of mesoproterozoic ages, while
the rims, characterized by igneous zoning, converge to a single age of
797±10 Ma, which is consistent, within errors, with zircon ages
obtained by Pilmentel et al. (2006), and with a Sm–Nd internal isochron
considered as the crystallization age of the Lower NMC (Pimentel et al.,
2004) (disregarding WR isochrons which are possible artifacts of
mixing).
The main debate concerns the age of the Upper Complex, for
which Pimentel et al. (2004), Pilmentel et al. (2006) and Ferreira
Filho et al. (2010) infer a crystallization age at around 1.25 Ga,
followed by a metamorphic event at ca. 0.75–0.76 Ga, whereas
Correia et al. (2007) obtained a 206Pb/238U SHRIMP I zircon age of
833±21 Ma (MSWD=2.1) for the anorthosite Niq 1552, interpreted
as dating the igneous crystallization of the Upper Complex. Pimentel
et al. (2004) based their interpretation on zircons separated from
their sample CF 04. However, the concordia plots of their samples
CF 04 (from the Upper Complex) and CF 03 (from the Lower Com-
plex) are very similar, and both show two clusters of analyses at
around 1.25 Ga and 0.8 Ga. Seemingly, the difference in crystalliza-
tion ages results from misinterpretation of the zircon rims, which
are considered metamorphic in sample CF 04 and igneous in sample
CF 03. Pimentel et al. (2004) describe their sample CF 04 as a
“quartz-rich mylonitic rock from a shear zone cutting through
gabbros of the Upper Complex” which consists of garnet and quartz
with accessory plagioclase, kyanite, ilmenite and zircon. Similar
rocks are common as paragneiss xenoliths within the Niquelândia
Hydrous Zone. The 1.25 Ga age is very close to U–Pb and Sm–Nd
ages obtained by Moraes et al. (2006) for the Juscelandia
meta-volcano-sedimentary sequence and for the correlated units at
the roof of the companion Barro Alto and Cana Brava Complexes. A
similar age of 1299±39 Ma was obtained by 206Pb/238U SHRIMP II
determinations on zircons from rocks of the Indaianópolis Sequence
by Correia et al. (1999). We argue that sample CF 04 is a kyanite-
bearing inclusion of the country rock or an inclusion-rich hybrid igne-
ous rock, in which inherited 1.25 Ga old zircons are consistent with
the ages of the country rocks, and the inferred difference in age of crys-
tallization is based on a questionable interpretation of the overgrowth
rims as igneous or metamorphic.
To better address this debate, we separated and analyzed zircons
from another anorthosite sample (Niq 1551) from the Upper Com-
plex (14°22′4.59″S 48°31′39.40″W). 61 spot analyses from 50 zircon
grains were analyzed on three different runs with SHRIMP II, at the
São Paulo University Lab. (data are reported in on-line supplement
Tab. os 1).
In gabbroic magmas, Zr saturation is reached late in the crystalli-
zation history, and zircons crystallize locally in “pools of highly frac-
tionated magmas, either in isolated magma pools or interstitially
to other minerals (Corfu et al., 2003)”. As a consequence, zircons in
maﬁc rocks are commonly recovered from mineral separation as an
assortment of broken fragments, as is the case in our sample Niq
1551.
Based on their morphology and cathodoluminescence (CL) pat-
tern (Tab. os 2 and Fig. 3), analyzed grains from sample Niq 1551
were divided in three groups: 1) ovoid/rounded to sub-rounded ter-
minated grains and xenocrystic cores (Fig. 3, Group1); 2) prismatic/
sub-prismatic grains with rhythmic zoning domains (Fig. 3, Group
2) and 3) angular to irregular fragments (Fig. 3, Group 3). Fig. 4a, b
and c are concordia plots of spot analyses of these three groups,
selected according to the CL pattern described in the online supple-
ments (Tab. os 2). Spot analyses from Group 1 plot along the concordia
curve from 0.7 to 1.2 Ga (Fig. 4a), spreading between the ages of igne-
ous and inherited zircon grains. Fig. 4b shows spot analyses of selected
zircons from Group 2, (without CL textural evidence of disturbance on
their zonation pattern), which provide a concordia age of 778±
5.9 Ma (with very low MSWD=0.020 and high probability of concor-
dance=0.89; Fig. 4b). This age is the same, within error, as the age
obtained merging all spot analyses of Groups 2 and 3 (the ones from
Group 2 not included on Fig. 4b plus all the spots of the third group),
which returned an age of 780±2.9 Ma (Fig. 4c). The higher MSWD
(3.2) and the lower probability of concordance (0.074) of Group 3 can
be due to the presence of some spot ages with larger errors besides
the possible disturbances from some of these ages as indicated by the
CL images.
Fig. 5a is a plot of age probability comprising all spot-analyses on
zircons from sample Niq 1551 and data from samples CF 3 and CF 4
(Pimentel et al., 2004). The three age distributions overlap within
error, and the Niq 1551 data curve include the others. The better sta-
tistics of the present study results from a larger number of spot anal-
ysis, a better precision and accuracy of the equipment (SHRIMP II),
and the better selection of the distinct populations of the analyzed
zircons.
Our data set supports the age of 780.8±3.7 Ma, obtained by
merging populations 2 and 3, as the best age for the crystallization
of the Upper Niquelândia Complex. However, the slight asymmetry
shown by the probability curve of our data set suggests that some
of the youngest zircon ages may be an artifact of later closure of the
system due to slow cooling or to a later heating episode, as suggested
by Pilmentel et al. (2006) and Ferreira Filho et al. (2010). This may
cause a shifting towards younger ages of the computedmean age, lead-
ing to an underestimation of the true age of crystallization, which may
be a little older, possibly close to 790 Ma, as inferred from the maxi-
mum of the peak of relative probability (Fig. 5b). This age is still closer
to the age inferred by Pimentel et al. (2004) for the Lower Complex.
Whatever the case, we conclude that both upper and lower NMC crys-
tallized around 790 to 780 Ma and are parts of the same igneous event.
5. The Ivrea Maﬁc Complex: a short review
The Ivrea Maﬁc Complex (Fig. 6) is an about 8 km thick, mainly
gabbroic body intruded into a deep crustal section comprising a
volcano-sedimentary sequence metamorphosed in amphibolite to
granulite facies and known as the Kinzigite Formation of the Ivrea
Zone of North-Western Italy (also known as Ivrea-Verbano Zone).
While described prior to 1975 as a sequence of maﬁc granulites
(Capedri, 1971; Hunziker and Zingg, 1980), Rivalenti et al. (1975)
ﬁrst recognized the igneous nature of the Ivrea Maﬁc Complex and
showed the remarkable similarity of its stratigraphy to that of other
large maﬁc complexes. Recent SHRIMP U–Pb zircon ages (Peressini
et al., 2007; Quick et al., 2009) coupled with ﬁeld observations, led
Quick et al. (2009) to conclude that the Ivrea Maﬁc Complex is the
deepest exposure of the plumbing system of a fossil caldera, compris-
ing, besides theMaﬁc Complex, coeval granites intruded in the adjacent
“Serie dei Laghi” and volcanic rocks dominated by rhyolitic tuffs
containing large patches of megabreccia. In this reconstruction, the
Maﬁc Complex is considered representative of the Permian intrusion
of maﬁc magma which caused large scale crustal melting, resulting
in production of hybrid igneous rocks, intrusion of large granitic batho-
liths in the upper crustal section, and bimodal, althoughmainly rhyolit-
ic, volcanismwhich ultimately evolved in the caldera collapse (Quick et
al., 2009). Although igneous textures are well preserved at the upper-
most levels of the Ivrea Maﬁc Complex, most of its rocks show high-T
foliation and granoblastic texture which led to a long lasting controver-
sy between two schools, one which concluded that the Maﬁc Complex
was affected by a later metamorphic event (Hunziker, 1979; Hunziker
and Zingg, 1980) and another that attributed the subsolidus textures
to slow cooling (Rivalenti et al., 1975, 1981, 1984). This discussion
was ﬁnally resolved by Quick et al. (1992, 1994) who proposed
that the Maﬁc Complex grew according to the “gabbro glacier” model.
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This concept, originally conceived for ophiolites (Quick and Denlinger,
1992), was driven by two main observations:
1) TheMaﬁc Complex has an arcuate structure deﬁned by layering and
foliation, very similar to ophiolite gabbros (Quick et al., 1992, 2003).
2) Both the Ivrea Maﬁc Complex and ophiolitic gabbro display similar
strain gradients, with increasing strain downward in the section.
In both cases strain is documented by high-T foliation and struc-
tures derived from syn-magmatic deformation.
Numerical modeling (Henstock et al., 1993; Phipps Morgan and
Chen, 1993; Quick and Denlinger, 1992, 1993) demonstrates that
these characteristics can be produced by large-scale necking of a grow-
ing section of partiallymolten cumulates beneath a smallmagma cham-
ber as the crust moves away from a spreading center. According to
this model, a huge volume of gabbroic crystal mush is created from a
relatively small and continuously fed magma chamber, located at the
core of the arcuate structure of the complex, as crystallizing cumulates
are continuously transposed outwards anddownwards from the feeding
Fig. 3. CL images from selected grains from the three different zircon groups from sample NIQ1151: Groups: 1) ovoid/rounded to sub-rounded terminated grains and xenocrystic
cores; 2) prismatic/sub-prismatic grains with rhythmic zoning domains and, 3) angular to irregular grain fragments, with three sub-groups: a) bright/darker faint domains with/
without microveining domains; b) complex zoning patterns; and c) with dominant oscillatory zoning.
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center. Consistently, the best preserved igneous textures are found
near the roof and/or at the core of the arcuate structure, while most
rocks, including feeders, are transposed parallel to or at low angle to
the foliation.
The Ivrea Maﬁc Complex contains several bands of paragneiss, tra-
ditionally termed septa, most of which are concentrated in a zone
called the “Paragneiss Bearing Belt” (Sinigoi et al., 1996). Although
its deﬁnition as a belt is misleading as individual septa diverge from
it following the arcuate structure of the complex (Quick et al., 1994,
2003), the Paragneiss Bearing Belt separates roughly the Lower and
Upper Maﬁc Complexes (Fig. 1). Based on petrological data and den-
sity measurements, Sinigoi et al. (1995) proposed that originally the
septa were layers of the country rock, which were progressively in-
corporated into the advancing front of the maﬁc intrusion when
their density, after extraction of anatectic melt, exceeded the density
of the maﬁc magma (i.e. 3.0 g/cm3).
Sinigoi et al. (2011) interpret U–Pb spot ages on zircons to indicate
that the growth of the Ivrea Maﬁc Complex may have begun with
sporadic pulses of maﬁc magma as early as 295 Ma, whereas the mas-
sive growth of the Upper Maﬁc Complex occurred between 292±4
and286±6 Mawhen, at increasing rates of intrusion,maﬁcmagmas in-
vadedmore fertile, amphibolite-facies rocks inducing advanced anatexis
and inset of incremental growth of granites in the upper crust and volca-
nic activity.
Most gabbros of the Ivrea Maﬁc Complex crystallized from mantle‐
derived magmas which underwent signiﬁcant crustal contamination
(Voshage et al., 1990). However, whereas the Upper Maﬁc Complex is
relatively homogeneous, with εNd values restricted within a narrow
range from −3 to −6, igneous rocks interlayered in the Paragneiss
Bearing Belt show a markedly larger variation in isotopic ratios, with
εNd ranging from +7 to −6 (Sinigoi et al., 2011; Voshage et al.,
1990). Noritic gabbros in the Paragneiss Bearing Belt show a clear in-
crease in crustal contamination adjacent to the paragneiss septa,
which indicates that at least part of the contamination occurred in
situ, by mixing of melts differentiated from the crystallizing mantle
magma and anatectic melts delivered from the septa (Sinigoi et al.,
1991, 1996, 2011). Detailed chemical stratigraphy and SHRIMP zircon
ages on a section across the Paragneiss Bearing Belt suggest that norites
in the belt with high amounts of crustal component crystallized rela-
tively late, supporting the concept that paragneiss septa remained
above the solidus delivering anatectic melts for some millions of years
after their incorporation in the maﬁc body, or re-melted in response
of the thermal relaxation during the slow cooling of the complex
(Sinigoi et al., 2011).
For a more complete description of the Ivrea Maﬁc Complex we
refer to Quick et al. (1992, 1994, 2003), Mazzucchelli et al. (1992)
and Sinigoi et al. (2010, 2011) and references therein.
6. Comparing ﬁeld observations
6.1. Lower Niquelândia Complex
The deepest levels of the Niquelândia intrusion consist of layered
and intensely foliated gabbros (BGZ), in tectonic contact with the
Maranhão thrust belt to the East. They are covered by about 3 km of
ultramaﬁc cumulates, comprising about 1.5 km of predominantly
dunite at the bottom (BPZ) and grading upwards into a sequence of
pyroxenite interlayered with peridotite and gabbro (LUZ). Above
the ultramaﬁc band, the Niquelândia Lower Complex consists of
intensely foliated, medium- to ﬁne‐grained, noritic gabbros (LGZ).
The high-temperature foliation is deﬁned by oriented beds of plagio-
clase and pyroxene neoblasts which locally surround relicts of prima-
ry igneous minerals. The texture is generally granoblastic. Some
samples showmortar texture, with polygonal neoblasts of plagioclase
and/or pyroxene around plastically deformed igneous pyroxenes
with exsolution lamellae. Minor ultramaﬁc layers are generally paral-
lel to the foliation and locally boudinaged. In places, foliation and
banding are cut at low angle by veins of undeformed gabbro (Fig. 7
a and c), suggesting that residual melts were still present when the
foliation was already formed. Similar structures, interpreted as the
Fig. 4. Concordia plots for zircons from sample Niq 1551. a, b, c=data from Groups 1, 2
and 3 respectively.
173C.T. Correia et al. / Lithos 155 (2012) 167–182
result of hypersolidus deformation, are observed in both foliated
gabbros of the Oman ophiolite (Pallister and Hopson, 1981) and in
gabbros of the Ivrea Maﬁc Complex, shown for comparison in Fig. 7
b and c (Quick et al., 1994). Within the Lower Niquelândia Complex,
sporadic occurrences of paragneiss are observed at various levels in
the section. Several bands of garnet±sillimanite-bearing quartzite
coexist with noritic gabbro near the village of the Niquel-Tocantins
mine. Although the outcrop conditions do not allow these paragneisses
to be followed for long distances, their distribution suggests that they
are not angular blocks but rather elongated bands with high aspect
ratio parallel to the structural pattern of the complex, resembling the
paragneiss septa in the Ivrea Maﬁc Complex (Quick et al., 1994, 2003;
Sinigoi et al., 1991, 1995).
At the boundary between Lower and Upper Niquelândia Com-
plexes, the Hydrous Zone constitutes an approximately 2 km-thick
belt within which the igneous rocks contain abundant biotite and
large blocks of paragneiss and swarms of crustal xenoliths. The latter
are very similar to inclusions contained in granodioritic rocks at the
roof of the Ivrea Maﬁc Complex (Fig. 7 e and f). Although the foliation
of large blocks and xenoliths in the Hydrous Zone is parallel to the
structural pattern of the complex, their aspect ratio seems to be less
pronounced than that of paragneiss bands in the Lower Niquelândia
Complex. A large block of paragneiss about 1 km across (shown as
Pg block 1 in Fig. 2; located from S14 21.162 W48 30.313 to S14
21.025 W48 29.830) splits southwards, at a distance of less than
2 km, in several thinner bands which grades in swarms of xenoliths
contained in biotite-rich gabbro. Samples from this large block contain,
besides garnet±quartz and plagioclase, both kyanite and sillimanite
variably associated with staurolite, biotite, rutile, and epidote, a meta-
morphic assemblage that did not attain equilibrium. In one garnet–
biotite–quartz paragneiss (NIQ11/13), garnet porphyroblasts
contain blobs of biotite and sillimanite, whereas deformed kyanite
is present outside of garnets. Textural relations are questionable,
leaving open two possibilities: kyanite is older and survived the
heating or is younger and crystallized by cooling.
Both large blocks and small xenoliths are plastically transposed
into the foliation, consistent with shear after their incorporation
(Fig. 7 e). At the highest levels of the Niquelândia Lower Complex
Fig. 5. a) Probability plots of zircon spot analyses from sample Niq 1551 computed with ISOPLOT (Ludwig, 2003), compared to zircon spot analyses of sample CF 03 and CF 04
(Pimentel et al., 2004). b) Enlargement of probability plot of sample Niq 1551.
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and within the Hydrous Zone, batches of unfoliated, coarse-grained,
and biotite-rich quartz-diorite occur within foliated gabbro and
paragneiss. They preserve an igneous texture, suggesting they crystal-
lized after the pervasive, large-scale deformation which affected most
gabbroic rocks. The transition from the Hydrous Zone to the Upper
Niquelândia Complex, is marked by a change in included country
rocks from paragneiss (below) to garnet-bearing amphibolite (above).
6.2. Upper Niquelândia Complex
Although the boundary between Upper and Lower Niquelândia
Complexes is inferred to be tectonic by Pimentel et al. (2004) and
Ferreira Filho et al. (2010), there is no evidence in the ﬁeld of any
continuous mylonite or shear zone at this level. Nonetheless, gabbros
from the Niquelândia Upper Complex are clearly distinct from those
of the Lower Complex, especially as far as contamination patterns,
as pointed by Rivalenti et al. (2008).
Above the garnet-bearing amphibolites at the highest levels of the
Hydrous Zone, the transition to the Upper Niquelândia Complex cor-
responds to the appearance of olivine gabbros with garnet and/or am-
phibole reaction coronas (Candia et al., 1989). The olivine gabbro
horizon grades upwards into a sequence of rocks comprising anortho-
sitic gabbros, anorthosites and minor troctolites, all characterized
by plagioclase as the ﬁrst phase on the liquidus. These anorthositic
rocks are generally intensely foliated, and only locally preserve a
clear igneous, ophitic texture (Fig. 8 a). Foliation ranges from incipi-
ent igneous lamination, deﬁned by orientation of plagioclase laths
in a matrix of undeformed intercumulus maﬁc phases (Fig. 8 b), to
intense ductile foliation, characterized by boudinage of maﬁc bands
(Fig. 8 c). Intense foliation is predominant at the lowermost levels
of this transect, and the attitude of the foliation is parallel to that of
the Lower Complex. Locally, the foliation is cut by maﬁc dykes trans-
posed at low angle to the foliation (Fig. 8 d). Round oikocrysts of
amphibole, crystallized from late stage melt/ﬂuid, are common in
massive bands of anorthosite, especially at higher levels in the section
(Fig. 9 a). In places, they become elliptical to strongly elongated
depending on the strain rate (Fig. 9 b). Above the anorthositic rocks
there is a few hundred meter thick band of coarse-grained, isotropic
gabbro with pegmatoidal patches which shows the best preserved
igneous textures of the entire Niquelândia Complex, with only locally
developed incipient foliation (Fig. 9 c and d). The stratigraphic se-
quence ends with amphibole gabbros and amphibolites in contact
with the host Indaianopolis sequence. A general, although discontin-
uous, decrease in strain rate is appearing upwards.
Similar features, characterized by the coexistence of rocks pre-
serving clear igneous textures with rocks which underwent hyper-
to subsolidus deformation and re-crystallization, are described in
the Ivrea and other Maﬁc Complexes (Mc Birney and Nicolas, 1997;
Pallister and Hopson, 1981; Quick et al., 1994) and are also common
in massive anorthosites (Ashwal, 1993). Fig. 10 compares pictures
of anorthositic rocks from the Niquelândia Upper Complex with
rocks from the Kunene Massive Anorthosite of Southern Angola. The
latter is one of the largest anorthosite complexes in the world, and
is known to be well preserved and unmetamorphosed (Ashwal and
Twist, 1994; Druppel et al., 2001; Mayer et al., 2004; Morais et al.,
1998). In theKunene complex, largemasses of coarse-grained anorthosite
with perfectly preserved igneous texture are locally cut or surrounded by
ﬁner-grained laminated anorthosite (Morais et al., 1998). Fig. 10 a, from
the Kunene complex, shows an outcrop containing fragments of mas-
sive anorthosite in a matrix of laminated anorthositic gabbro, in which
plagioclase laths are oriented within undeformed maﬁc intercumulus.
This case is remarkably similar to that shown in Fig. 10 b, from the
Upper Niquelândia Complex. These structures are interpreted as a brec-
cia of blocks of massive anorthosite permeated by melt and then trans-
posed by hypersolidus shear before the complete crystallization of
intercumulus maﬁc minerals. The strongly deformed anorthosites in
the Upper Niquelândia Complex, like the intensely foliated and folded
rock of Fig. 10 d, have also their analog in the rare intensely deformed
belts in the Kunene complex, shown for example in Fig. 10 c. It is under-
stood that the Niquelândia Complex is not a massive anorthosite, but it
nonetheless shows striking textural similarities with some rocks of the
Kunene complex. Themost important difference is that laminated rocks
in the Kunene are the exception whereas in Niquelândia they are abso-
lutely predominant, suggesting a much more intense stress ﬁeld in the
latter. This difference may result from a different mode of growth of
the two igneous bodies.
In conclusion, most rocks of the entire Niquelândia Complex devel-
oped foliations ranging from hyper- to sub-solidus conditions which
may result from an intense shear of a huge crystal mush over the period
of crystallization and cooling. High-T, subsolidus shear will result in
recrystallization and development of granoblastic, formally metamor-
phic textures as commonly observed elsewhere in large intrusions
like the IvreaMaﬁc Complex (Quick et al., 1994), in the Skaergaard Lay-
ered Complex (Mc Birney and Nicolas, 1997) and in ophiolitic gabbros
(Quick and Denlinger, 1993). Based on the coexistence at the outcrop
scale of shear effects ranging from igneous lamination to subsolidus
foliation (Fig. 8 c and d) accompanied by the common occurrence of
syn-magmatic deformation structures (Fig. 7 a and c), we argue that in
Niquelândia these features also developed during crystallization and
cooling of the igneous body and are not artifacts of later metamorphic
events. Also, the lack of equilibrium attained by the metamorphic as-
semblage of the large block of paragneiss (indicated by the coexistence
at outcrop scale of kyanite, sillimanite and staurolite beside other
phases)may be explained by inhomogeneous distribution of heat across
Fig. 6. Geologic map of the Ivrea Maﬁc Complex, (Quick et al., 2003).
Modiﬁed after Sinigoi et al. (2010).
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large inclusions incorporated in the Hydrous Zone rather than by a
regional metamorphic environment.
7. Chemical variations across the Niquelândia Complex and
comparison with the Ivrea case
The chemistry of the Niquelândia Complex is addressed in several
papers (Ferreira Filho and Pimentel, 2000; Girardi et al., 1986;
Rivalenti et al., 2008). Here we will discuss brieﬂy the variations of
selected elements and isotopic values which provide the most impor-
tant constraints to evaluate the effects of interactions with crustal
rocks, and refer to the cited papers for a more detailed discussion.
The plot Sr0 vs εNd (Fig. 11) shows clearly that rocks from the
Lower Niquelândia Complex have a variable but signiﬁcant amount
of crustal component, whereas those from the Upper Niquelândia
Complex are poorly or un-contaminated. Computing the contamina-
tion process with the energy-constrained AFC model (Bohrson and
Spera, 2001; Spera and Bohrson, 2001), Rivalenti et al. (2008) infer
that the difference in crustal contamination between Lower and
Upper Niquelândia Complexes may be explained by a difference in
the thermal budget, which was higher at the lower levels of the
intrusion, where incorporated crustal rocks exceeded their melting
temperature. This conclusion is consistent with the presence of
sillimanite-bearing granulite inclusions in the Lower Niquelândia
Complex as opposite to kyanite (±biotite and other phases) in
metapelitic rocks enclosed in the Hydrous Zone, indicating that such
rocks did not experience temperatures high enough for sufﬁcient
time to re-equilibrate completely at their melting temperature. To
this conclusion we add a further possibility, based on the observation
that the boundary with the Upper Niquelândia Complex coincides
with the appearance, at the top of the Hydrous Zone, of garnet am-
phibolites which are very similar to the intruded amphibolites of
the Indaianopolis country rocks, which minimizes contamination ef-
fects. In this view the style of contamination across the entire
Niquelândia Complex is inﬂuenced by both thermal budget and stra-
tigraphy of the intruded crustal section.
Fig. 12 is a plot of some parameters which are sensible to crustal
contamination vs. the approximate stratigraphy, deﬁned as the dis-
tance in kilometers from the base of the complex. What immediately
comes out is that at the level of the Hydrous Zone there is an increase
in K, Rb, Ba and La/Yb ratio in all rocks, either igneous or metamor-
phic. In igneous rocks, this increase corresponds to the abundance
Fig. 7. Comparison of structures in the Niquelândia and Ivrea Maﬁc Complexes: a) and b) Gabbroic veins cross-cutting banded and foliated gabbros. c) and d) Banded and folded
gabbro cross-cut by gabbroic veins. e) and f) Inclusions transposed into the foliation in dioritic rocks in the Hydrous Zone of Niquelândia and at the “roof” in Ivrea.
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of biotite and correlates with the proximity to paragneiss blocks or
swarms of xenoliths included in the Hydrous Zone.
A similar increase in incompatible elements approaching paragneiss
septa is observed within the Paragneiss Bearing Belt of the Ivrea Maﬁc
Complex (Sinigoi et al., 1996, 2011). In the Ivrea case, a large variation
of isotope ratios was achieved because the ﬁrst injections of mantle
magma quenched rapidly in the still cool crust, crystallizing chilled
gabbros that maintain their mantle signature, while further pulses
were variably contaminated later, after crustal rocks reached theirmelt-
ing temperature (Voshage et al., 1990). This interpretation is reinforced
Fig. 8. Rock textures in the Upper Niquelândia Complex: a) subophitic gabbro-anorthosite; b) incipient igneous lamination; c) intense ductile foliation; and d) discordant dykes
transposed in the foliation.
Fig. 9. Rocks at the uppermost levels of the Upper Niquelândia Complex: a) round oikocrysts of amphibole in isotropic anorthosite; b) Elongated oikocrysts of amphibole in faintly
oriented anorthosite; c) isotropic, coarse-grained ophitic gabbro; and d) faintly foliated coarse-grained gabbro.
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by recent U–Pb SHRIMP data on zircons from the Paragneiss Bearing
Belt which provide a bimodal distribution of ages, an older age peak
around 295 Ma found in maﬁc gabbros, followed by an age of around
285 Ma for hybrid norites interﬁngered within the Paragneiss Bearing
Belt (Sinigoi et al., 2011). The proximity of strongly hybridized igneous
rocks to paragneiss septa and their younger age lead Sinigoi et al. (2011)
to infer that paragneisses remained close to the solidus for millions of
years after the crystallization of the whole complex, or re-melted later
in response to the slow relaxation of the geotherm. Paragneiss septa
in the Ivrea Maﬁc Complex are granulites strongly depleted in granitic
components, which preserve minor amounts of residual biotite and
K-feldspar only in the uppermost levels of the Paragneiss Bearing
Belt. As a consequence, both paragneiss and hybrid rocks contain low
amounts of K and Rb, but relatively high amounts of Ba, which is
retained in residual K-feldspar and biotite, resulting in a positive spikes
of Ba in normalized diagrams (Barium anomaly, deﬁned as Ba/Ba*=
(Ba)n/10^((log(K)n+log(Rb)n)/2)). The positive Ba anomaly is typical
of all hybrid igneous rocks of the Ivrea Maﬁc Complex and is consistent
with mixing and/or assimilation of mantle melts with depleted crustal
components, in which residual biotite and K-feldspar were enriched
in Ba as a consequence of advanced melting.
Resuming, one difference between Ivrea and Niquelândia is that
paragneiss inclusions in the Hydrous Zone of Niquelândia are charac-
terized by abundance of biotite and K-feldspar, whereas paragneiss
septa of the Ivrea Paragneiss Bearing Belt are depleted granulites. In
the Ivrea case, the marked difference between incorporated granu-
lites and fertile paragneisses at the roof leads to infer that incorpora-
tion of crustal rocks was driven by evolving density contrasts, as, after
extraction of granitic melt, the density of crustal restite exceeded
that of basaltic melt. This results in a rise of the level of neutral buoy-
ancy, facilitating intrusion of further pulses of maﬁc magma above the
dense restite (Sinigoi et al., 1995). Seemingly, this concept cannot be
applied for the Niquelândia case because the Hydrous Zone contains
fertile, biotite-rich paragneiss, which are likely less dense than a
basaltic melt. However, the Upper Niquelândia Complex grew mainly
by intrusion of anorthositic crystal mush, whose density is lower than
Fig. 10. Comparison of sheared anorthosites from the Niquelândia Upper Complex and from the Kunene massive anorthosite (Angola): a) Hypersolidus shear in the Kunene anor-
thosite, showing oriented plagioclase in undeformed interstitial maﬁc matrix; b) very similar texture in the Niquelândia Upper Complex; c) intensely foliated and folded anorthosite
in the Kunene complex, and d) very similar case in the Niquelândia Upper Complex.
Fig. 11. Plot of Sr vs Nd isotope ratios calculated at 790 Ma for rocks of the Niquelândia
Complex.
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that of a basaltic melt, and we speculate that its neutral buoyancy
may be attained above amphibolite-facies paragneisses, at a crustal
level less dense than that needed for maﬁc magmas in the Ivrea case.
In both cases the incorporation of crustal rocks is not an artifact of set-
tling of xenoliths in amelt or crystal mush (whichwould be to viscous),
but is driven by density contrast between country rock and new pulses
of intruded magma.
In the Niquelândia Hydrous Zone, ﬁve metapelite samples collect-
ed in the inner part of a large block (more than 1 km across) have
negative Ba anomaly, whereas smaller inclusions as well as samples
collected at the border of the large block show positive Ba anomaly
(Fig. 13). This leads us to infer that cores of larger blocks are less de-
pleted compared to smaller ones. This difference results in the large
spread from positive to negative Ba anomaly values of paragneisses
in the Hydrous Zone shown in Fig. 12. However, most gabbros of
the Hydrous Zone show positive Ba anomaly values, with only one ex-
ception (sample Niq 28/06), suggesting that the contaminant derived
mainly from the most depleted rocks, which underwent melting.
Although incompatible elements (K, Rb and Ba) show high abun-
dances in igneous rocks within the Hydrous Zone, they remain low
in gabbros of the Lower Niquelândia Complex, where, nonetheless,
Sr and Nd isotopic ratios indicate high although variable amounts of
crustal contamination (Figs. 11 and 12). This discrepancy suggests
that the source of the contaminant in the Lower Niquelândia Complex
was more depleted compared to that of the Hydrous Zone, leaving
open the question whether the depletion was induced by the heat
delivered from the Maﬁc Complex or pre-dated the intrusion.
8. Discussion
The coexistence of high-T foliation and locally preserved struc-
tures of igneous lamination and/or other examples of syn-magmatic
deformation is well documented in both Niquelândia and Ivrea
maﬁc complexes. Similar structures are common in ophiolite gabbros
(Quick and Denlinger, 1993) and are observed, to a lesser extent, in
other maﬁc intrusions (McBirney, 2009) and in massive anorthosites
(Ashwal, 1993; Mayer et al., 2004). In the Ivrea case, the arcuate
structure and the distribution of strain patterns lead to the largely
accepted view that the Maﬁc Complex grew from a relatively small
and continuously fed magma chamber located in the core of the gabbro
body, which was expanding according to the gabbro glacier model
Fig. 12. Variation of selected trace elements and isotope ratios with stratigraphy of the Niquelândia Complex.
Fig. 13. Extended REE patterns of paragneiss inclusions in the Hydrous Zone; Green=
paragneisses in the inner part of a large inclusion (Niq 06/60 to 64, located at 14°21′
45.60″ S; 48°30′14.58″ W); Red=small inclusions (Rib. Mosquito) and borders of the
large inclusion.
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(Quick et al., 1992, 1994). In the Niquelândia Complex a detailedmap is
not available, and this precludes an interpretation of a large-scale struc-
ture of the Complex, since the rotation of the dip of foliations from
around 45°W at the deepest levels to sub-vertical higher in the section
may be either a primary feature or an artifact of later tectonics. In ab-
sence of a compelling evidence like the arcuate structure of the Ivrea
Maﬁc Complex, we infer that the growth process of Niquelândia may
have been mechanically different. Possibly there were several feeding
centers, resulting in a different ﬁnal geometry of the body, or the strain
resultedmainly from the regional tectonic context. In any case, the sim-
ilarity of structures and textures observed in Niquelândia and in Ivrea
leads us to conclude that in both cases a huge body of crystalmush crys-
tallized in a penetrative strain ﬁeld, resulting in formally metamorphic
textures which are not an artifact of later metamorphic events but of
hyper- to sub-solidus shear during the growth of the bodies.
Since magmatism is generally produced in a dynamic context,
either compressive or extensional, slowly growing and cooling large
igneous bodies may be variably affected by hyper- to sub-solidus shear.
This may result either from syn-tectonic activity or from their own
growth process, as the space is provided to accommodate intruding
magmas. In any case, recrystallization by shear will blur at least partially
the primary igneous structures. What we see in the ﬁeld is only the ﬁnal
result of a complex history of intrusion, crystallization and cooling con-
comitant with deformation, whose intensity is variable depending on
the intensity of the stress ﬁeld, and a correct interpretation of the igne-
ous evolution needs a restoration of these steps of the growth of large
magmatic complexes.
Both Niquelândia and Ivrea Maﬁc Complexes contain a number of
crustal inclusions, which are present at different levels but mainly
grouped at the transition between Lower and Upper Complexes. In
Niquelândia the boundary between Upper and Lower Complexes
corresponds to the Hydrous Zone, where most inclusions are fertile
paragneisses rich in biotite, and gabbroic rocks contain biotite and are
enriched in incompatible elements. At deeper levels, in the lower
Niquelândia Complex, gabbros are isotopically contaminated but not
enriched in incompatible elements, and they are interlayered with
biotite-free paragneisses in granulite facies. These observations lead
us to conclude that a signiﬁcant part of the contamination occurred
in situ, somehow recording the former stratigraphy of the intruded
crustal section as also observed in the Ivrea case (Sinigoi et al., 1996,
2011).
Small (less than 3 km across) patches of biotite–quartz diorite
with igneous texture and no foliation occur within or proximal to
the Hydrous Zone. These diorites have a large amount of crustal com-
ponent (Sr0>0.720). They are interpreted as mixtures of late-stage
anatectic melts segregated from the proximal inclusions of paragneiss
and residual melts of the Complex, which at that time was largely
crystallized and already foliated. Their late crystallization supports a
delay in the melting of large paragneiss blocks, after they were incor-
porated and the Complex was cooling and already stretched. This
delay may result from the slow thermal equilibration across large
crustal blocks, consistent with the low thermal conductivity of any
rock. This view is also supported by the survival of fertile paragneiss
in the core of large blocks, consistent with the chemistry. A late melt-
ing or re-melting of paragneiss septa is also reported for the deepest
levels of the Ivrea case, where it is consistent with the thermal
model (Sinigoi et al., 2011).
The Upper Niquelândia Complex is clearly distinct in petrography
and chemistry. The sequence is dominated by anorthositic cumulates
and contains olivine-gabbros at the bottom and coarse-grained ophit-
ic gabbros and ﬁne-grained amphibole gabbro at the top. Anorthositic
rocks are strongly foliated at the lowermost levels and show an upward
decrease in strain rate. All analyzed samples are virtually free of crustal
contamination. Likely, this difference leads some authors (Ferreira Filho
et al., 1998; Pimentel et al., 2004) to consider the Upper Niquelândia
Complex as another intrusion, unrelated to the Lower Complex. However,
the SHRIMP U–Pb ages presented in this paper on zircons from a
sample collected inside the anorthosite level provide a compelling
evidence that the two levels crystallized at about the same time,
and conceivably are products of the same igneous event.
Considering Nd and Sr isotopes, anorthositic rocks of the Upper
Niquelândia Complex may have been in equilibrium with few poorly-
or un-contaminated gabbros of the Basal Zone. However, igneous
rocks of the Upper Niquelândia Complex have an mg average value of
65 and require some fractionation, compared to the average value of
78 for basal zone gabbros. We estimated the composition of the paren-
talmelt for the Basal Gabbro Zone subtracting 13% of crustal component
of the lower complex (Rivalenti et al., 2008) from the composition
of the parentalmelt inferred by Girardi et al. (1986) for the Niquelândia
Complex (whichwas estimatedwithout considering the crustal compo-
nent, unknown at that time; see compositions in Tab. os 3). Starting
from this new estimate of the parental melt, a run with MELTS
(Ghiorso and Sack, 1995; in the implemented version Adiabat-1 ph of
Smith and Asimow, 2005) shows that, at 3 Kb and 1%H2O, 14.5% olivine
crystallizes alone between 1356 °C and 1220 °C, then further 0.7%
olivine crystallizes with 17.1% clinopyroxene between 1218 °C and
1182 °C (see Tabs. os 4 and5, for the data input andoutput, respectively).
After fractionation of olivine and clinopyroxene, plagioclase remains
on the liquidus from1182 °C to the complete crystallization. Anorthositic
crystal mush may form from 1152 °C to 1124 °C and from 958 °C and
842 °C (see Tabs. os 4 and 5, for the data input and output, respectively).
These counts support the hypothesis that, after fractionation of ultra-
maﬁc cumulate from an un-contaminated maﬁc melt, the main phase
which remains on the liquidus is plagioclase, thereby producing a
plagioclase-rich crystal mush. The density of such a crystal mush will
progressively decrease at increasing crystal fraction until it becomes
buoyant and eventually may intrude at higher crustal levels. Diapirism
of buoyant anorthositic magma is commonly inferred for the growth
of massive anorthosites (Mayer et al., 2004) and documented in a
maﬁc sill (Hoshide et al., 2006). If the anorthosites of the Upper
Niquelândia Complex were separated from the parental melt during
or after fractionation of peridotite of the lower complex, their segrega-
tion must pre-date the contamination. This would imply, at the ﬁrst
stages of the intrusion, a period of fractionation faster than assimilation.
This possibility is consistent with the presence of gabbros with positive
εNd in the Basal Gabbro Zone and with the delay of melting of big
paragneiss blocks evidenced in the Hydrous Zone. Consistently, the
huge peridotite cumulates of the Lower Niquelândia Complex cannot
have been fractionated by a magma similar to the immediately over-
hanging norites which are enriched in SiO2 and other crustal compo-
nents. In this view, mantle magma intruded a relatively cool crust,
where fast cooling generated ultramaﬁc cumulates and buoyant anor-
thositic magmas, which intruded at higher crustal levels, incorporating
country rocks in the growing complex. Only later, crustal contamination
affected the igneous rocks “in situ”, mainly in proximity of crustal inclu-
sions, when and where the latter exceeded their melting temperature
while gabbro was crystallizing. This reconstruction explains the large
and random variation of isotope ratios in the Lower Niquelândia Com-
plex, the high amounts of incompatible elements in the Hydrous Zone,
because of incorporation of fertile paragneisses, and the virtual absence
of contamination in the Upper Niquelândia Complex, were anorthositic
crystal mush cooled faster and was surrounded by amphibolites with
mantle signature.
In summary, Niquelândia and Ivrea Complexes shearmany structur-
al analogies, and they differ mainly in their thermal evolution, depth
and rate of intrusion, and from the proto-stratigraphy of the intruded
crustal section (a thermal model, which considers a large range of vari-
ables like depth of the emplacement, intrusion rates and compositions
of maﬁc melt(s) and crustal rocks is in progress). In the Ivrea case the
intrusion was probably deeper and intruded a hotter crust, requiring a
relativelyminor addition of heat to reach a large-scale, regional melting
with a ﬁnal production of large volumes of silica-rich hybrid magmas.
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A less deep level of intrusion for Niquelândia is consistent with the
abundance of olivine cumulates at the deepest levels and of olivine
gabbro, troctolite and anorthosite in the Upper Complex, as opposed
to pyroxenite cumulates and the negligible presence of olivine gabbro
and anorthosite in the Ivrea case (Mazzucchelli, 1983). Shallower em-
placement generally means a larger ΔT between intruded magma and
country rock resulting in faster crystallization at the beginning and
need of larger amount of heat to reach the melting temperature of
crustal inclusions, assuming comparable rates of intrusion and volumes
of magma. A difference in the thermal evolution is also consistent
with the different rheology of incorporated crustal rocks: in the Hy-
drous Zone of Niquelândia a fertile paragneiss level was dismembered
in blocks of variable size, whereas in the Paragneiss Bearing Belt of the
Ivrea Maﬁc Complex, the extreme aspect ratio of paragneiss septa re-
cords a much more ductile behavior, similar to the septa in the Lower
Niquelândia Complex.
9. Conclusions
New U–Pb SHRIMP data on zircons from an anorthosite sample
of the Upper Niquelândia Complex provide an age around 780 to
790 Ma, which matches within errors the age of 797±10 Ma obtained
by Pimentel et al. (2004) for the Lower Niquelândia Complex. The new
age data demonstrate that Upper and Lower Niquelândia Complexes
are parts of the same igneous event.
The comparison of structures and textures of Ivrea and Niquelândia
leads us to conclude that both Complexes crystallized fromhugemasses
of crystal mush which underwent signiﬁcant shearing in hyper- to
sub-solidus conditions during their growth and cooling history. Strain
intensity increases downwards, and the best-preserved igneous tex-
tures are found at the highest levels in both Ivrea andNiquelândia Com-
plexes, as common elsewhere. In both cases, textures and paragenesis,
although formally metamorphic, are not related to later metamorphic
event(s) but result from the dynamic context of their intrusion. This
conclusion reconciles the “ultrahigh temperature metamorphism” in-
ferred by Moraes de and Fuck (2000) for the companion Barro Alto
Complex. While we do not question their high quality treatment of
the data, we infer that the isobaric cooling from 980 °C evidenced by
these authors corresponds simply to the cooling of the Maﬁc Complex
and is not a later and independent metamorphic event.
The difference between Ivrea and Niquelândia Complexes shown by
chemical variations related to crustal contamination across the stratig-
raphy is ascribed to the different depth of the intrusions (and related
thermal evolution), and to differences in the proto-stratigraphy of the
intruded crustal section. In the Ivrea case, the intrusion of maﬁc melts
incorporated initially deep crustal levels in granulite facies. When the
advancing intrusive front reached more fertile paragneisses in amphib-
olite facies, the large heat budget causedmelting of the crust on regional
scale and production of hybrid granites and volcanic activity (Quick
et al., 2009; Sinigoi et al., 2011). In the case of Niquelândia, it is inferred
that faster cooling of mantle melts in shallower and cooler crust
resulted in abundant fractionation of olivine while evolved melts and/
or anorthositic crystal mushes intruded the crust above. Gabbroic
rocks of the Lower Niquelândia Complex and of the Hydrous Zone
were later contaminated in situ by components delivered from incorpo-
rated paragneisses, whereas gabbros and anorthosites of the Upper
Niquelândia Maﬁc Complex escaped contamination because they
crystallized faster in cooler and higher crustal levels which consisted
mainly of amphibolites with mantle isotopic composition. Finally,
the late-stage, undeformed diorite patches in the Hydrous Zone crystal-
lized under conditions of relatively hydrostatic stress, at the very end
of the growth of the complex, when the strain ﬁeld was exhausted.
In both Ivrea and Niquelândia cases, there is a clear indication that
a late-stage crustal contamination affected intensely igneous rocks
in contact with paragneiss levels. However, these ﬁnal processes,
although clearly visible in the present-day geological assemblage of
both complexes, produced only minor amounts of “in situ” hybrid
melts trapped in a semi-solid crystal mush during the dying stages
of the solidiﬁcation of the bodies and cannot be considered an analog
for the production of large amounts of eruptible magmas. We con-
clude that, if the chemistry of a maﬁc complex is used to infer the pet-
rogenesis of hybrid volcanic rocks, similar late-stage processes should
be carefully considered and restored, because they obscure the ﬁrst
and more important processes of interaction between mantle melts
and crustal rocks which may lead to the origin of hybrid eruptible
magmas.
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.lithos.2012.08.024.
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